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ABSTRACT: In recent years, the use of fiber-reinforced polymer composites in civil
infrastructure has been promoted as a solution to the deterioration of bridges, build-
ings, and other structures composed of traditional materials, such as steel, concrete,
and wood. Any application of a polymer composite in an outdoor environment invariably
involves exposure to moisture. There is also potential for exposure to saline conditions
in waterfront or offshore structures, and alkaline environments, as would be encoun-
tered by a reinforcing bar in a cementitious material. This study characterizes the
sorption and transport of distilled water, salt solution, and a simulated concrete pore
solution in free films of vinyl ester, isophthalic polyester (isopolyester) and epoxy resins,
all commercially important materials for use in structural composites. Diffusion of all
three liquids in each of the three materials was observed to follow a Fickian process.
Mass loss was observed for the isopolyester in salt water and concrete pore solution at
60°C, suggesting hydrolysis that was accelerated by the high temperature exposure.
Both the rate of uptake, as well as the equilibrium uptake, were greater at 60°C,
compared with ambient conditions. Diffusion coefficients calculated from the mass
uptake data revealed that, although the epoxy resin had the highest equilibrium
uptake, it had the lowest diffusion coefficient. ® 1999 John Wiley & Sons, Inc.* J Appl Polym

Sci 71: 483-492, 1999
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INTRODUCTION

In recent years, the use of fiber-reinforced poly-
mer (FRP) composites in civil infrastructure has
been promoted as a solution to the deterioration
of bridges, buildings, and other structures com-
posed of traditional materials, such as steel, con-
crete, and wood. Applications for FRP materials
are being found in structural components, rein-
forcing bars for concrete, prestressing tendons,
and in the rehabilitation and retrofitting of steel
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and concrete structures. Attractive features of FRP
in such applications include its high strength-to-
weight ratio, relative chemical inertness, and
ease of installation, which should lead to savings
in construction and maintenance costs for civil
engineering structures.

Any application of a polymer composite in an
outdoor environment inevitably involves expo-
sure to moisture, either in the form of atmo-
spheric vapor or rain. In addition, there is poten-
tial for exposure to saline environments, as in
waterfront or offshore structures, and alkaline
conditions, as would be encountered by a reinforc-
ing bar in a cementitious material. Such environ-
ments may have a significant effect on the prop-
erties of the matrix resin and the composite.
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Changes in a polymer’s glass transition tempera-
ture (7,), viscoelastic response, and mechanical
properties due to the influence of moisture are
well-documented.’™* In a FRP composite, the
polymer matrix may be plasticized and/or de-
graded, the interface could be weakened, and the
fibers themselves could also be attacked by mois-
ture. However, there is little information avail-
able in the literature on the sorption and trans-
port behavior of water, salt water, and alkaline
solutions in the composite as well as in the poly-
mer matrix.

This study characterizes the diffusion behavior
of distilled water, salt solution, and a simulated
concrete pore solution in vinyl ester, isophthalic
polyester (isopolyester), and epoxy resins—all
commercially important materials for use in
structural composites. Due to both the physical
and chemical complexities of FRP it is instructive
to first study diffusion and sorption behavior in
the nonreinforced matrix component only. In this
way, the response of the polymer matrix to liquid
water, salt solution, and simulated concrete pore
solution can be isolated from that of the fiber
reinforcement and the fiber/matrix interphase re-
gion. Using gravimetric sorption techniques, the
uptake behavior for the three polymers was stud-
ied in the three liquids at both ambient temper-
ature (22°C) and at 60°C. Diffusion coefficients for
the materials were calculated assuming linear
Fickian behavior. An understanding of sorption
and diffusion processes in these materials will
contribute to knowledge of their performance in
these liquid environments.

THEORETICAL CONSIDERATIONS

Diffusion in polymers occurs by the transport of a
penetrant via random molecular motion.® In
glassy polymers, such as the type that are used in
structural composites, diffusion behavior can be
categorized as follows:

1. Case I or Fickian: rate of diffusion of the
penetrant is much less than that of poly-
mer segment mobility.

2. Case II: rate of diffusion is much greater
than polymer segment mobility and is
strongly dependent on swelling kinetics.

3. Anomalous or non-Fickian: rate of diffu-
sion is comparable with polymer segment
mobility.

Cases I and Il represent two extremes of diffusion
behavior, with anomalous diffusion falling in be-
tween (see ref. 5).

Fickian diffusion can be described using the
one-dimensional form of Fick’s Second Law of Dif-
fusion:

aC 2 C
ot~ P @

which gives the change in concentration, C, as a
function of the diffusion coefficient, D, and time,
t, at any plane X in a material.®

The basis for most diffusion measurements in
polymer/penetrant systems is measurement of to-
tal mass uptake by polymer as a function of time.
Using appropriate boundary conditions for diffu-
sion into a semi-infinite film exposed to an infinite
bath of penetrant, the second law can be solved
for the initial phase of uptake (short times) to
obtain (see ref. 7):
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where M, is the relative mass uptake at a time ¢,
M., is the relative mass uptake at equilibrium, ¢
is film thickness, and D is diffusion coefficient.

Fickian diffusion behavior in a material can be
confirmed if the following characteristics are ob-
served®:

1. Both uptake and desorption plots of M, /M.,
vs. tV2 are initially linear.

2. This linear region extends to at least
M,/M, = 0.6 for uptake.

3. Above the linear region, the curves are con-
cave against the abscissa.

4. Uptake curves obtained by plotting M, /M,
vs. tY/2/¢ (reduced sorption curves) should
coincide regardless of film thickness.

5. Plots of uptake and desorption will only
coincide when D does not vary with the
concentration of the penetrant.

Many techniques are available for measuring
penetrant uptake, including laser interferome-
try,? microdielectrometry,!® Raman spectroscopy,*
nuclear magnetic resonance imaging,'? Fourier
transform infrared (FTIR) spectroscopy,'® and
the use of radiolabeled penetrants,'* among others.
The most common technique, due to its simplicity
and versatility, is gravimetric sorption. Gravi-
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metric sorption involves exposing the specimen to
a penetrant and monitoring the change in speci-
men mass with time. For liquid uptake experi-
ments, a “blot-and-weigh” technique is often used.
Mass uptake is referenced to the original mass of
the specimen and is calculated by:

M, -M,

i, 3

Mass uptake =

where M, is the original dry mass, and M, is the
mass of the wet specimen at time ¢.

EXPERIMENTAL APPROACH

Materials

Commercial vinyl ester, isopolyester, and epoxy
resins were selected for this study. All three ma-
trices are thermosetting materials suitable for
fabricating FRP composites through pultrusion
and resin transfer molding processes. Derakane
411-350PA* (Dow Chemical), a vinyl ester con-
sisting of a bisphenol A epoxy backbone with ter-
minal methacrylic acid functionality, was used.
The isopolyester resin, Aropol 7240-T15 (Ashland
Chemical), is produced from the reaction of isoph-
thalic acid, glycols, and maleic anhydride. Both
the vinyl ester and isopolyester resins are dis-
solved in styrene monomer, which also partici-
pates in free radical reactions with the resin to
form the final cross-linked network. The epoxy
resin of interest was EPON 828RS (Shell Chem-
ical), a liquid difunctional bisphenol A/epichloro-
hydrin-derived resin with an average molecular
weight of 378 g mol . Jeffamine T403 (Hunts-
man Chemical), a curing agent based on poly-
ethertriamine, was used to crosslink the epoxy.

Specimen Preparation

Vinyl ester specimens were prepared by hand-
mixing the resin, 3% by mass of a methyl ethyl
ketone peroxide catalyst containing 9% by mass
active oxygen, and a small amount (<0.5% by
mass) of a silicone defoaming agent until thor-

* Certain commercial equipment, instruments, or materi-
als are identified in this article to specify the experimental
procedure adequately. Such identification is not intended to
imply recommendation or endorsement by the National Insti-
tute of Standards and Technology, nor is it intended to imply
that the materials or equipment identified are necessarily the
best available for this purpose.

oughly blended. A similar procedure was followed
for the isopolyester specimens, except only 2% by
mass of the methyl ethyl ketone peroxide catalyst,
and no silicone defoamer was used. Because both
the vinyl ester and isopolyester resins were pre-
promoted and preaccelerated, only the addition of
the catalyst was necessary. To prevent oxygen
inhibition of the free radical crosslinking reaction
and also to minimize styrene evaporation, free
films of vinyl ester and isopolyester were pro-
duced by molding between two sealed acrylic
plates. Poly(ethylene terephthalate) films served
as release sheets. Films were allowed to gel at
room temperature (22°C), followed by a 2 h/150°C
postcure in a circulating air oven. Final film
thicknesses ranged from 230 um to 260 pm.
Epoxy specimens were prepared by mixing 100
parts by mass of EPON 828 with 42 parts by mass
of Jeffamine T403. Before film formation, the mix-
ture was degassed in a vacuum oven at 85 kPa.
Free films having a dry thickness of 300 wm were
drawn down with a draw-down applicator on pol-
ished aluminum foil. Films were allowed to gel at
room temperature (22°C) for 24 h, followed by a 2
h/125°C postcure in a circulating air oven.

Film Characterization

Prior to initiating the sorption experiments, the
thermophysical and surface properties of the
films were characterized. T,s were measured us-
ing differential scanning calorimetry (DSC) and
dynamic mechanical thermal analysis (DMTA).
DSC analysis was conducted in a DSC 2910 (TA
Instruments); specimens were heated from 25°C
to 180°C at a heating rate of 5°C min *. Three
replicates were analyzed for each specimen.

Films were also studied via DMTA in a Rheo-
metrics Solids Analyzer II, using a frequency of
10 Hz and tensile strain of 0.05%, over the range
of 20°C to 180°C. Three replicates were analyzed
for each specimen. These experiments also
vielded dynamic moduli values above and below
the T,.

The surface-free energies of the films vy, along
with their dispersive (nonpolar) y¢ and polar com-
ponents y2, were determined by measuring the
contact angles of water and methylene iodide
(5-ul drops). Static contact angles were measured
on clean, dry films using a Rame-Hart contact
angle goniometer. The left and right sides of at
least three droplets were measured for each liquid
on each polymer. The surface energy components
were calculated by using the geometric mean
method developed by Owens and Wendt.!®
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Table I Surface Energies of Epoxy, Vinyl Ester,
and Isopolyester Films (in mJ m™%)

Polarity

Matrix ve Y v (v YD) (YRl
Epoxy 34.36 7.68 42.04 0.18
Vinyl ester 35.56 3.95 39.51 0.10
Isopolyester 34.73 13.34 48.07 0.28

Exposure Environments

Exposure environments of interest in this study
were distilled water, salt solution (to simulate a
marine or offshore environment), and an artificial
concrete pore solution (to simulate the alkaline
environment of a cured cementitious material, as
would be encountered by reinforcing bars). The
salt water solution was composed of 0.58 mol L™*
NaCl in distilled water and has an pH of ~ 6.7.
Concrete pore solution was formulated according
to the procedure of Christensen and colleagues'®
and is composed of 0.23 mol L™ KOH, 0.14 mol
L~! NaOH, and 2.0 X 1072 mol L ! CaOH in
distilled water. The pH of this solution is ~ 13.5.

Sorption Studies

Polymer films having dimensions of 25 mm X 25
mm were immersed in distilled water, salt water,
and concrete pore solution in glass jars at ambi-
ent temperature (22°C), with each jar containing
one specimen. Films were periodically removed
from solution, rinsed with distilled water (in the
case of salt water and concrete pore solutions),
blotted dry, and weighed on a Mettler AT auto-
matic balance. The rate of water and solution
sorption was measured as the rate of change in
mass with respect to the initial dry mass of the
film, as described. Six films of each polymer were
tested in each solution.

For uptake studies at 60°C, the procedure is
similar to the one described previously, with the
exception that the screw-top jars were placed in a

sand bath maintained at 60°C = 2°C. Mass up-
take was determined as previously described.

RESULTS AND DISCUSSION

Film Characterization

Table I presents values of the total surface-free
energy v,, surface-free energy polar v2, and non-
polar y¢ components, estimated using the geo-
metric mean method. The observed values are
fairly typical for polar polymers.!” The relative
surface polarity of these materials is isopolyester
> epoxy > vinyl ester. The polarity of the surface,
given by v2/v,, also follows this ranking.

The thermophysical properties of the neat
films are summarized in Table II. In the DMTA
experiments, T, was taken as the peak of the loss
modulus (E") curve. The T, of vinyl ester and
polyester are comparable, with the T, of the ep-
oxy material being somewhat lower. The average
T';s obtained from DSC are observed to be lower
than those obtained by DMTA. This is not an
unusual finding, because DMTA and DSC mea-
surements are conducted on different time scales
or frequencies. Generally, DMTA measurements
will yield higher T, values than those obtained by
dilatometry or by thermodynamic methods such
as DSC. The dynamic moduli obtained for all
three matrices at 20°C are roughly equivalent.
However, in the rubbery plateau region (T
> 150°C), the epoxy is much more compliant than
either the vinyl ester or polyester.

Mass Uptake Experiments

Before discussing the sorption and transport be-
havior of liquids in these polymer matrices, we
wish to clarify the use of the terms absorption and
adsorption. Absorption and adsorption are two
completely different phenomena. Absorption is a
capillary uptake by existing pores in a material,
such as in the case of water taken up by concrete.

Table II Thermophysical Properties of Epoxy, Vinyl Ester, and Isopolyester Films

T, DSC T,. DMTA Dynamic Modulus Dynamic Modulus
Matrix °C) °C) T = 25°C (Pa) T = 150°C (Pa)
Epoxy 80.14 87.54 2.27 x 10° 5.11 x 10°
Vinyl ester 100.96 111.45 2.73 x 10° 1.77 x 107
Isopolyester 105.01 117.52 2.77 % 10° 2.00 x 10°
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Figure 1 Mass uptake curves for (a) epoxy, (b) vinyl
ester, and (c) isopolyester in water (), salt solution (A),
and concrete pore solution (M) at 22°C.

This process does not plasticize the matrix and
generates little heat or swelling.

Adsorption, on the other hand, is the process by
which a solution is formed. This process generates
heat (heat of solution) and results in swelling, as
observed when a polymer is immersed in an or-
ganic solvent. For a polymer free of voids or pores,
the uptake of water is mainly an adsorption pro-
cess. If a polymer contains pores, air bubbles, or
other such defects, both absorption and adsorp-
tion take place. In such a case, the term upiake or
sorption should be used.

As shown in Figure 1, mass uptake plots for
epoxy, vinyl ester, and isopolyester at 22°C show
an initial linear region, followed by a region con-
cave to the abscissa. As will be discussed later,
plots of M,/M . vs. tY2/¢ also show a linear region
up to or beyond M,/M., = 0.6, thus allowing this
behavior to be characterized as Fickian. Uptake
was rapid in the first 10 h, but slowed down
between 10 h and 100 h, after which equilibrium
was reached.

Equilibrium mass uptake for epoxy was
greater than that of either vinyl ester or isopoly-
ester, as summarized in Table III. The chemical
structure and morphology of a polymer are known
to affect uptake; in particular, a high concentra-
tion of polar functional groups can promote in-
creased sorption of polar penetrants.'® The epoxy
resin has significant concentration of hydrophilic
hydroxyl groups located along the backbone. Vi-
nyl ester and isopolyester contain the less polar
ester moieties and hence are less hydrophilic. In
general, the more polar groups present in the

Table III Equilibrium Mass Uptake for Epoxy, Vinyl Ester, and Isopolyester Films (Uncertainties

Are Equivalent to One Standard Deviation)

Equilibrium Mass Uptake (mass %)

Matrix Sorbent 22°C 60°C

Epoxy Distilled water 1.42 = 0.03 2.00 = 0.10
Salt solution 1.79 = 0.04 1.93 = 0.08
Pore solution 1.64 = 0.04 1.88 = 0.06

Vinyl ester Distilled water 0.52 = 0.01 0.62 = 0.05
Salt solution 0.55 = 0.01 0.69 = 0.04
Pore solution 0.49 = 0.04 0.64 = 0.03

Isopolyester Distilled water 0.56 = 0.02 0.5 * 0.08
Salt solution 0.55 = 0.03 0.45 * 0.107
Pore solution 0.50 + 0.04 0.49 + 0.05°

@ Maximum mass uptake before mass loss.
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Figure 2 Mass uptake curves for (a) epoxy, (b) vinyl
ester, and (c) isopolyester in water (), salt solution (A),
and concrete pore solution () at 60°C.

polymer matrix, the higher will be its sorptive
affinity toward water.'®

Figure 2 presents mass uptake as a function of
time for the three polymers at 60°C. The rate of
approach to equilibrium is clearly more rapid at
60°C relative to that at 22°C, which is an expected
result. In addition to the increased rate of uptake,
the equilibrium mass uptake at 60°C, shown in
Table III, for the epoxy and vinyl ester also ap-
pears to be slightly higher than that at 22°C, even
when the standard deviation of the data is taken
into account. This could be due to the fact that
sorption at room temperature may not have
reached equilibrium in the same time frame as
sorption at 60°C. Also, evidence exists to suggest
that actual moisture equilibrium in epoxies may
take years to achieve.?’ Other studies have re-

ported that hygrothermal aging of polymers at
elevated temperature may create damage in the
form of crazing, microcracking, and other types of
morphological changes, thus allowing additional
sorption to occur.?! This observation of higher
equilibrium uptake at elevated temperature
would need to be accounted for in any aging test
using temperature as the accelerating factor; that
is, not only is the rate of diffusion accelerated, but
the equilibrium uptake is also increased.

The equilibrium uptake (Table III) does not
seem to be correlated with the polymer polarity
(Table I). This observation could be explained by
the fact that the polarity obtained from the con-
tact-angle measurement is associated with the
surface and near-surface regions of the films, and
not the bulk polymer. Furthermore, water uptake
in a polymer is also affected by its microstructure
and crosslink density, in addition to bulk polarity.

Unusual behavior is demonstrated by the
isopolyester matrix in salt and pore solutions. As
given in Table III, equilibrium mass uptake for
the 60°C isopolyester exposures in salt and pore
solutions is lower than that observed at 22°C. In
addition, Figure 2(c) shows a decrease in mass
uptake as a function of time beginning at 100 h
for samples immersed in pore solution, and at
200 h for samples in salt solution. This mass loss
can be explained by ester hydrolysis and subse-
quent leaching of low molecular weight, hydro-
lyzed fragments.?®2® Mass uptake curves of this
type have also been reported for epoxy** and vinyl
ester.?® In all cases, the anomalous uptake behav-
ior was attributed to irreversible degradation
and/or leaching of unbound material, such as re-
sidual monomer.

To verify this hypothesis, infrared analysis
was conducted on pore solution in which
isopolyester films had been immersed at 60°C
for 1 month. This pore solution was filtered,
rinsed, dried on a zinc selenide crystal, and
analyzed via attenuated total reflectance-Fou-
rier transform infrared spectroscopy (ATR-
FTIR). The spectrum displayed in Figure 3
shows a double peak centered at 1557 em ™! and
a single peak at 1420 cm ™! assigned to carbox-
ylate (COO™) anion stretching. The peak at
1019 em ! is tentatively assigned to O—H
bending. Two small shoulders on the main
O—H stretching peak at 3334 cm™! fall in the
region of 2800 cm ' and could be evidence of
C—H stretching.

This spectrum suggests the presence of organic
fragments and carboxylic acid salts in the pore
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Figure 3 FTIR spectrum of concrete pore solution
after immersion of isopolyester at 60°C.

solution after immersion of isopolyester at ele-
vated temperature. The observations of these ma-
terials in the pore solution after immersion of
isopolyester may be explained by the alkaline hy-
drolysis of ester groups. It is known that carboxyl
groups result from the base-catalyzed hydrolysis
of ester linkages

RCOOR’' + OH™ <+ RCOOH + ROH (4)

and can further react with hydroxides, such as
KOH or NAOH, to yield carboxylate anion, COO™
via the following reaction:

RCOOH + KOH — RCOO"K* + H,O (5)

The FTIR spectrum shown in Figure 3, which
shows evidence of both carboxylic acid and car-
boxylate anion, supports this postulate.

As seen in Figure 2(c), isopolyester underwent
mass loss not only in an alkaline environment,
but also in salt solution. Hydrolytic degradation
in neutral NaCl probably occurred via the follow-
ing reactions:

RCOOR’ + H,0 <>~ RCOOH + R'OH  (6)

H,0

RCOOH <— RCOO™ + H;0" (7

RCOO™ + NaCl —-RCOO Na™ + C1I- (8)

Hydrolysis of esters in neutral medium generally
occurs extremely slowly; however, the presence of
sodium cations and subsequent formation of the
carboxylate salt shown in ref. 5 accelerates hydro-
lytic degradation in the salt solution.?® The obser-

vation that no mass loss occurred for the polyester
specimens in distilled water at either tempera-
ture supports this hypothesis. The more rapid
degradation of the polyester specimens in con-
crete pore solution, compared with polyester in
the salt solution, is explained by the fact that
OH™ present in the concrete pore solution is a
much stronger nucleophile than water in the neu-
tral salt solution. Thus, nucleophilic substitution
reaction at the carbonyl carbon of the ester group
is more rapid with OH™ than with water, leading
to more rapid degradation.

Vinyl ester is generally considered to be more
stable to hydrolysis than polyester, due to the fact
that the ester linkages in vinyl ester are terminal
and are shielded by methyl functional groups.
Evidence for this postulate is provided by the
observation that no mass loss occurred in the
vinyl ester specimens in any environment, even
at elevated temperature. In contrast, ester groups
in the polyester specimens are distributed
throughout the main chain and are more avail-
able and hence vulnerable to hydrolytic attack.

For the vinyl ester and polyester specimens,
there is no significant difference in the amount of
uptake between distilled water, salt solution, or
concrete pore solution. This observation suggests
that the main component sorbed from both salt
solution and concrete pore solution is water. How-
ever, for the epoxy specimens, notable differences
were observed in equilibrium uptake between the
distilled water, salt solution, and pore solutions
at 22°C. The reason for these differences is not yet
known. Energy dispersive X-ray analysis of the
specimens after sorption experiments showed no
evidence of sodium, potassium, calcium, or chlo-
ride penetration into the bulk polymers.

Determination of Solubilities

Equilibrium mass uptake in the films can also be
expressed in terms of solubility (i.e., the mass of
sorbed penetrant per unit volume of film). Be-
cause solubility is basic to the understanding of
the transport processes in materials, the determi-
nation of the solubilities of the three solutions in
the three matrices studied should provide useful
data for polymer and composite materials used in
civil engineering applications. Solubilities of the
three penetrants in the resins (listed in Table TV),
was calculated by multiplying the equilibrium
mass uptake by film density.?” Density of the
films was determined by the water displacement
method and was calculated using the Archime-
dean equation:
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Table IV Solubility Values for Epoxy, Vinyl
Ester, and Isopolyester Films

Solubility
(mg em™3)
Density
Matrix (g em™®) Sorbent 22°C  60°C
Epoxy 1.140  Distilled water 16.22 22.79
Salt solution 20.45 22.03
Pore solution 18.66 21.49
Vinyl ester 1.136  Distilled water 5.87 7.09
Salt solution 6.30 7.85
Pore solution 556 7.25
Isopolyester  1.156  Distilled water 6.46 6.63
Salt solution 6.40 5.73
Pore solution 5.80 6.11
A

p:=p" e ©)

where p, is the film density, A is the dry weight of
the film, P is the buoyancy of the film, and p, is
the density of water. The densities of the films
were similar; therefore, the solubility values par-
allel the values obtained for equilibrium uptake.

Determination of Diffusion Coefficients

Figures 4 and 5 display representative Fickian
diffusion plots of M,/M, uvs. tY2/1,71 (reduced
sorption curves) for epoxy resin in distilled water,
salt solution, and pore solution at 22°C and 60°C,
respectively. As noted earlier, the linear initial
curve indicates that diffusion followed a Fickian
process. Fickian diffusion plots for vinyl ester and
isopolyester at 22°C and 60°C are similar in ap-
pearance and are not shown here. Due to the
degradation exhibited by the isopolyester matrix
in concrete pore and salt solutions at 60°C, this
data was not plotted and could not be used to
calculate diffusion coefficients. The lack of uptake
equilibrium makes any estimate of D question-
able, because penetrant uptake and desorption of
degraded material may be occurring simulta-
neously.?

Diffusion coefficients for the three matrices are
given in Table V. These were calculated as previ-
ously described using the data in the initial linear
uptake region. At 60°C, isopolyester showed the
highest diffusion coefficient, followed by vinyl es-
ter, and then epoxy. At ambient temperature, lit-

tle difference existed between the isopolyester
and vinyl ester values. These values are in good
agreement with diffusion coefficients reported for
liquid water in other polar polymers such as clear
epoxy coatings (1.0 X 1078 em® s71),2% alkyd-mel-
amine (1.5 X 107® em® s71),2® and nylon (1.0
X 107? em® s71).%° Ranking of the materials in
terms of equilibrium uptake or solubility does not
match the order of diffusion coefficients. The
highest diffusion coefficients are observed for
isopolyester, whereas the highest solubility is ex-
hibited by epoxy. Although the epoxy resin exhib-
ited the highest equilibrium uptake or solubility
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Figure 4 Fickian diffusion curves for epoxy in (a)

water, (b) salt solution, and (c) concrete pore solution at
22°C.
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of all three resins, it has the lowest diffusion Table V Fickian Diffusion Coefficients for
coefficients. This is understandable since diffu- Epoxy, Vinyl Ester, and Isopolyester Films
sion is a function of permeability and solubility. o
Obviously, the permeability of the epoxy is lower Diffusion
than that of isopolyester and vinyl ester. Coefficient, D
As expected, diffusion coefficients calculated (107" em™s )
fo.r thg 60°C data. are higher than those at 22°C. Matrix Sorbent 29°C: 60°C
Diffusion coefficients were not calculated for
isopolyester in pore solution and salt solution at Epoxy Distilled water 0.53 13.6
60°C, due to the weight loss and apparent degra- Salt solution 1.04 8.54
dation that occurred. Both diffusion coefficients Pore solution 0.67 9.82
and solubility data can be used to provide infor-
mation on the permeability of these liquids in the Vinyl ester Distilled water 6.88 19.0
polymer matrix. Salt solution 8.75 24.5
Pore solution 8.72 24.3
1.20 . X Isopolyester Distilled water 8.93 41.9
1.00 - ot g M o x Salt solution 11.7 —
- x ¢ Pore solution 8.89 —
. 080
E: 0.60 | éf
e .
040 | @
0.20 . £ SUMMARY AND CONCLUSIONS
0'00; 5 1:0 115 ;0 25 The sorption and transport behavior of distilled
& h 2 water, salt solution, and concrete pore solution in
' epoxy, vinyl ester, and isopolyester matrices were
120 @ studied. Diffusion of all three liquids in the three
. materials was observed to follow a Fickian pro-
1.00 g R MEx & XX cess. Mass loss was observed for the isopolyester
. 080 1 !'; - in concrete pore solution at 60°C, consistent with
£ 060 the fact that both alkaline conditions and ele-
g vated temperature promote hydrolysis of ester
040 1 groups. Mass loss in isopolyester in the 60°C salt
020 - A6 solution is driven by the presence of sodium cat-
0.00 : : : ,‘ ions and the formation of carboxylate salts. For
0 5 19 15 20 25 the epoxy and vinyl ester matrices, both the rate
£ h"2mm” of uptake as well as the equilibrium uptake was
®) >60°C, compared with ambient conditions. Diffu-
1.20 sion coefficients calculated from the mass uptake
100 ] REES e m data 1.*evea1ed thgt, zftlthough the epoxy resin had
% the highest equilibrium uptake of the three ma-
g 0807 o trices studied, it had the lowest diffusion coeffi-
§: 0.60 + } cient.
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